Annual and seasonal mean circulations in the Azores-Gibraltar Strait Region (North-Eastern Atlantic) are described based on climatological data. An inverse box model is applied to obtain absolute water mass transports consistent with the conservation of volume, salt and heat and the equations of the thermal wind. The large-scale gyre circulation (Azores Current, Azores Counter Current, Canary Current and Portugal Current) is well-represented in climatological data. The Azores Current annual mean transport was estimated to be 6.5±0.8 Sv (1 Sv = 10 6 m 3 /s) eastward, exhibiting a seasonal signal with minimum transport in the spring (5.3±0.8 Sv) and maximum transport in autumn (7.3±0.8 Sv). The Azores Current transport is twice that of the Azores Counter Current in spring and autumn and is four-times higher in summer and winter. The southward Portugal and Canary Currents show similar seasonal cycles with maximum transports in spring (3.5±0.6 and 6.6±0.4 Sv, respectively).
Introduction 38
Progress has been made in understanding ocean dynamics through continuously 39 evolving techniques and methods. Inverse methods were first applied to oceanographic 40 data (in situ temperature and salinity, namely the density field) in the mid-1970s, when 41 it began to be fully recognized that the thermal-wind and conservation equations 42 permitted the estimation of the absolute velocity field as the sum of both the reference 43 level velocity and thermal-wind velocity (Wunsch, 1977 (Wunsch, , 1978 . The inverse box model 44 concept has since been developed, based on both linear and nonlinear procedures 45 (Mercier, 1986; Lux et al., 2001) , to provide the best available picture of the global 46 circulation . During the 1990s, inverse methods were 47 introduced in the Northeastern Atlantic region to solve the absolute circulation pattern 48 Northwest African continental margin (Arhan et al., 1994; van Aken, 2000a) . 108
109
In this context, the Strait of Gibraltar plays an important role as a topographic 110 feature that effectively separates the eastern boundary ventilation system of the Atlantic 111
Ocean into the northern and southern regions (Barton, 2001) , enabling the connection 112 between the MOW and the AC. The overflow is known to have a dynamical impact on 113 the upper-layer circulation in the subtropical eastern North Atlantic (Jia, 2000) , 114
generating an area of convergence and downwelling in the Gulf of Cadiz. In a global 115 thermohaline context, the MW contribution to the Atlantic Ocean is significant. climatological and seasonal data brings some benefits over the use of synoptic data, 135 because it avoids mesoscale-related uncertainties and problems of synopticity. Thus, 136 this novel approach is a powerful tool with which to attain greater insight into the 137 circulation of the region and to check the consistency of the WOA09 dataset with 138 geostrophic dynamics, as well as to examine the results of using water mass mixing 139 analysis as an additional constraint on the inverse model. 140
In the following sections we first present the data and the methods for estimating 141 the transports through the box and for solving the water mass mixing (section 2). Then, 142
we examine and discuss the mean and seasonal circulation patterns in the Azores to 143
Gibraltar Strait region (section 3). Finally, in section 4 we present concluding remarks. Temperature and salinity climatologies are the average of five "decadal" climatologies 154 for the following time periods: 1955-1964, 1965-1974, 1975-1984, 1985-1994 (NO 3 , PO 4 and SiO 4 ), reported in ml l -1 and µmol l -1 , respectively, were converted to 159 µmol kg -1 . From the WOA09 database, a cruise track-like was constructed by selecting 160 adjacent WOA09 grid nodes that formed a box west of the Gibraltar Strait (referred to 161 as the WOA-Box hereafter) (Figure 1 ). In total, 31 WOA09 nodes were selected as 162 hydrographic "stations" (vertical profiles) for later geostrophic, tracer conservation and 163 water mass mixing computation. Hereinafter, the term "node pair" refers to the mid-164 point between nodes. In addition, when seasonal or monthly heat storage variations 165 were needed as a term for the inverse model heat constraint, all WOA09 nodes within 166 the box were selected for the computation. For further comparison, the WOA-Box 167
boundaries are approximately coincident with the CAIBOX cruise (Carracedo et al., 168 2012; Fajar et al., 2012) . Not all WOA09 variables are available at all depths for all 169 seasons and months. Below 500 m, no seasonal variability is given for nutrient 170 concentrations and it is the same below 1500 m for temperature, salinity and oxygen. 
The reference levels 214
The reference level for the thermal wind equations is established a priori. Usually, one 215 assumes prior zero velocity at the reference level, provided we select an interface 216 between the water masses moving in opposite directions or it belongs to a water mass 217 with a very low motion. Before inversion, however, the reference level velocities do not 218 have to be compatible with the conservation constraints. After inversion, the velocities 219 at the reference level are no longer zero and they are compatible with the various 220 conservation constraints. The initial selection was set at 3200 dbar (~σ 3 this is applied by strictly conserving salt (0±10 6 kg.s -1 ) and by requiring the volume to 294 account for the E-P-R term with an uncertainty of ±1 Sv. Moreover, this configuration 295 uses a different a priori reference level, chosen after a sensitivity test was applied, 296 which includes the additional independent volume constraints taken from the 297 bibliography. Table 1 
summarises these two configurations. 298
The a priori solution 299
Ultimately, lateral continuity of the velocity at the reference level after inversion 300 depends on the uncertainty we assume a priori for each reference level. Results and discussion 328
One important consideration when we work with climatological data is the 329 smoothed character of the thermohaline gradients. This impacts the results directly in 330 terms of weaker geostrophic velocities and a greater reduction of mesoscale variability 331 than would be found in a synoptic cruise; however, the impact is partially compensated,in terms of volume transport, by the widening of the currents. Of particular concern 333 with these data is the transport of salt, especially in this area of the ocean. The 334 dispersion of MW in the Atlantic Ocean is known to be reinforced by the action of 335 mesoscale meddies detaching from the Mediterranean Undercurrent (Ambar et al., 336 1999). Lateral intrusive mixing at the eddy boundaries and to a lesser extent, double-337 diffusive mixing, are responsible for most of their salt and heat loss (Armi et al., 1989) . 338
It is worth noting that most of the data used to derive the WOA09 dataset were acquired 339 after the 1970's, when quality control algorithms were adapted to cope with the 340 existence of the meddies; therefore, they are expected to have been properly included in 341 the climatology (in averaged form). The reduction of the mesoscale signal in the 342 climatological data set means that the horizontal salt fluxes at mid-depths are 343 underestimated, which means that the present results may be considered as lower bound 344 estimations. 345
In the following, we show the main results for our best model configuration (T 1 ) 346 in terms of the main surface/subsurface currents; the error bars account for the 347 differences with the T 0 solution. Only the significant differences between the two 348 models will be highlighted in the text. Furthermore, note that subsection 3.1.1 will be 349 presented as a validation section as well, providing robustness to the results. 350
Velocity field and volume transports 351

Surface -subsurface horizontal circulation 352
The absolute velocity fields that results from the annual and seasonal inversions (test 
Azores Current 362
The AC appears, between 1500 and 2000 km from node 1, to be confined mostly to the 363 upper 1000-1500 dbar. For computing the AC transport, we prepared a grid with a 364 resolution of 1 dbar × 0.01º (latitude degrees). Then, the eastward transports higher than 365 0.001 Sv between 30-37ºN, the range in which the AC was identified graphically, were 366 integrated for annual, seasonal and monthly climatologies (see monthly AC variability 367
in Figure 3a ). The AC transport is known to range from 9 to 12 Sv between 30-40ºW 368 and reduces to around 3-4 Sv closer to the African coast (New et al., 2001) . In this 369 work, the annual AC transport was quantified as 6.5±0. latitudinal position; however, if we compute a value for the AC core width, that is, the 375 area of velocities higher than 2 cm/s, we find it is narrowest in spring and widest in 376 autumn. In addition, in spring, the AC velocity maximum is the lowest (2.7 cm/s), the 377 current narrows (~240 km) and its maximum depth is minimal (~790 m); therefore, the 378 net AC transport is lower (5.3±0.8 Sv), particularly in June (2.5±0.4 Sv). From this 379 minimum transport in spring, it increases gradually during summer, reaching a 380 maximum in autumn when, regardless of the test, the seasonal AC velocity maximum is 381 higher (~3.2 cm/s) and the current is deeper (~1100 m) and broader (~400 km), 382 resulting in higher transport (7.3±0.8 Sv), which is in agreement with Klein and Siedler 383 (1989) . On a monthly basis, we find a relative maximum in September (9.0 ±0.9 Sv) but 384 an absolute maximum in January (10.2±0.9 Sv) (Figure 3a) . Although the AC appears 385 broader than it really is, it exhibits a coherent seasonal variability. (Table 2) . 456
In general terms, all transports given by our estimations from seasonal 457 climatological inversions agree reasonably well with those seasonal quasi-synoptic 458 cruise-derived transports in the same area. This validates the idea that climatological 459 data can be used to establish a seasonal characterisation (lower-bound estimations) of 460 the principal geostrophic currents. 461
Vertical circulation structure 462
The main vertical structure of the circulation across the limits of the WOA-Box consists 463 of an upper inflowing layer above ~500 m (Figure 2 (hereinafter σ OC will be used to designate the isopycnal of the OC maximum). The 481 annual mean magnitude of the OC into the box is 2.2±0.2 Sv (slightly higher when 482 considering T 0 , 2.5±0.2). In summer, we find the highest OC for both tests (2.6±0.2 and 483 3.3±0.2 Sv); nevertheless, the minimum OC differs between the tests. It occurs in 484 autumn (1.8±0.2 Sv) in the case of T 0 , whereas T 1 , the same OC is found for the other 485 three seasons (1.7±0.2 Sv). 486
Water masses circulation 487
The potential temperature/salinity (θ/S) diagrams in Figure 5a) . 547
Coupling inverse box model -eOMP solution 548
After solving the water mass contributions with the eOMP, we estimate water mass 549 transports by multiplying the percentages field by the absolute volume transports field. 550
In this way, we evaluate whether it is possible to obtain consistent results by combining 551 eOMP with the inverse model solution (in terms of climatological WOA09 data). To do 552 this requires both the interpolation of the vertical standard-level percentages matrix to a 553 depth resolution of 1 dbar and a horizontal averaging of every pair of nodes; thus, 554 matching the volume transport field. 555
In Figure 5b discrepancies between T 0 and T 1 come from the LSW net transport. As we know, LSW 564 cannot be formed inside the WOA-Box; thus, a negative net transport for this water 565 mass could be a sign that the T 0 approach is less appropriate. 566
To evaluate further the seasonal/monthly upper circulation of the WOA-Box, we 567 estimated the relative contribution of each water mass transport to the total transport for 568 each current delimited and described in section 3.1.1 (AC, ACC, PC and CC). The AC 569 transports mainly central water (~90%) with ~50% comprised of the subtropical variety 570 inside the box. The maximum contribution of ENACW T to AC occurs in spring (57%), 571 whereas the proportion of MMW increases in summer (24%). The MW recirculates into 572 the AC with a maximum 6% of the total AC transport in the autumn-winter period. The 573 ACC exports central water (~40%), in this case mainly the subpolar variety (maximum 574 contribution in autumn, 46%); an important contribution of 25% is MW and LSW(~20%), which also recirculates out of the box. Both PC and CC currents transport 576 mainly central water (> 95%). During spring, the contribution of ENACW P to the PC 577 exceeds that of ENACW T , whereas during the autumn-winter period, this proportion 578 reverses. In addition, the PC has little presence of MW (2% the annual mean and up to 579 8% in spring). On the other hand, ~60% of the CC transport is ENACW T , which 580
recirculates from the AC. The MMW contribution increases in autumn at the expense of 581 the drop in the ENACW T contribution. 582
The overturning circulation system in the WOA-Box 583
As shown in section 3.1.2, the annual mean for the OC into the box was 2.2±0.1 Sv with 584 a maximum OC in summer, 2.6±0.1 Sv, and a minimum in winter, 1.7±0.1 Sv (Figure  585 6c). This OC variability is in good agreement with that estimated by S03. 586
Considering the MW as one of the main components of the OC system, acting as main 587 exporter of salt at the intermediate level, we evaluate the role of each of its main 588 branches (Figure 6a, Figure 7) . The maximum MW nb net transport takes place in 589 summer (-1.9±0.2 Sv), whereas the MW wb transport is higher in spring (-0.8±0.2 Sv). 590
When the northern branch transport is smaller, the westward branch transport is higher 591 and vice versa. On the annual scale, MW nb and MW wb transports are -0.9±0.3 Sv and -592 0.4±0.2 Sv, respectively, which are translated into a salt export of 33.1 ± 8 and 15.8 ± 3 593 Sv psu, respectively. There was no net MW transport across the limits of the southern 594 section (within the errors bars). 595
The monthly time series of the MW and central water net transports are shown 596 in Figure 6b . A high significance correlation is found between both net transports 597 (r 2 = 0.90) with 95% confidence interval ( Table 2) Going further in the comprehension of the OC system, two (3D and zonal) 608 schemes show the upper-intermediate circulation (Figures 7 and 8, respectively) . Iberian Poleward Current is expected to compensate for it. Summing up, the 752 overturning system appears to be "relaxed" (1.7 ± 0.1 Sv). 753
754
Much effort was spent in producing time-averaged pictures, which provided a 755 more reliable quantitative picture of the circulation than seen before. In view of the 756 present results and conclusions, doubts over the inhomogeneity of the climatological 757 data base (Wunsch, 1996) are assuaged by the higher quality of WOA09 and the six-758 fold increase in station data over previous versions (Levitus et al., 1998) 
